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FORCE-CONTROLLED HYDRO-ELASTIC 
ACTUATOR 

This application claims the benefit of U.S. Provisional 
Application No. 60/186,048, filed Mar. 1, 2000. 

BACKGROUND OF THE INVENTION 

This invention relates to hydraulic actuators for use in, 
e.g., robotic applications, and more particularly relates to 
force control of hydraulic actuators. 
An actuator is generally defined as a device or mechanism 

that converts Some form of energy into mechanical force or 
torque and linear or rotary Velocity. A hydraulic actuator 
typically is connected to a high pressure fluid Source and a 
flow control valve, e.g., a Spool valve. Application of a Small 
signal to the valve deflects the valve, allowing the fluid to 
flow, e.g., into one or more chambers driving a mechanical 
mechanism Such as a piston provided in one or more of the 
chambers. With this action, the hydraulic actuator converts 
fluid flow into mechanical piston Velocity, and provides the 
ability to control this velocity and corresponding mechanical 
position. 

Hydraulic actuators are particularly well-Suited for Veloc 
ity and position control of robots and heavy equipment. 
Hydraulic Systems also are generally characterized by the 
highest power density of modern controllable actuation 
Systems because they are often operated at a preSSure of as 
much as 3000 psi or greater. Hydraulic Systems can also 
Support large loads indefinitely while consuming minimal 
power. Given these attributes, hydraulic actuation Systems 
are frequently the optimum choice for high force, high 
power density motion control applications Such as automo 
bile Steering Systems, airplane control Surfaces, and heavy 
equipment operations employing, e.g., construction machin 
ery. 

While hydraulic Systems are in many respects optimal for 
Velocity and position control, a number of inherent hydraulic 
System limitations constrain their applicability for force 
control. For most applications, force control requires an 
ability to Sense and correspondingly control the forces of 
interaction between an actuator and the actuation environ 
ment. But in hydraulic Systems, a measurement of the 
primary System variable, hydraulic preSSure, does not fully 
enable Such. Specifically, the pressure in a hydraulic 
chamber, e.g., a piston chamber, is not in general a good 
representation of the force at the actuator output. Hydraulic 
Systems are in general very Sensitive to contamination, Such 
as foreign particles, in the hydraulic fluid. In order to limit 
Such contamination, it is preferable to employ tight fluidic 
Seals at the hydraulic piston and cylinder. Tight Seals are 
found, however, to typically produce Substantial Stiction and 
coulomb friction during Sliding, and to require a very high 
breakaway force, all of which contribute to force noise at the 
hydraulic actuator output and thereby limit the ability to 
accurately estimate output force. Dynamically, a range of 
factors, including non-linear flow characteristics, can be 
very difficult to control. 

There have been attempts to reduce the Sliding friction 
and Stiction characteristic of tight hydraulic Seals by, e.g., 
reducing the piston Seal tolerance. In one example 
alternative, two or more Sets of loose Seals are employed, the 
first Seal allowing leakage from the Supply fluid pressure 
chamber and the Second and following Seals Scavenging the 
leakage. Although this configuration can improve sliding 
characteristics, it is not cost effective for most applications 
and in practice can be very prone to leaks. As a result, for 
most applications only tight hydraulic Seals can be 
employed. 
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Given this fundamental difficulty in estimating the output 

force of a hydraulic actuator as function of hydraulic 
preSSure, hydraulic actuators have been largely limited to 
Velocity and position control applications. Implementation 
of force control for robotic and other applications in a 
manner that exploits the high power density of hydraulic 
actuation has heretofore not been fully practical. 

SUMMARY OF THE INVENTION 

The invention provides the ability to effectively and 
precisely implement closed-loop force control of a hydraulic 
actuator, provided in accordance with the invention as a 
hydro-elastic actuator. The hydro-elastic actuator of the 
invention includes a hydraulic actuator, having a connection 
to hydraulic fluid and including a mechanical displacement 
member positioned to be mechanically displaced by fluid 
flow at the actuator. A valve is connected at the hydraulic 
actuator connection and has a port for input and output of 
fluid to and from the valve. At least one elastic element is 
provided in Series with the mechanical displacement mem 
ber of the hydraulic actuator and is positioned to deliver, to 
a load, force generated by the hydraulic actuator. A trans 
ducer is positioned to measure a physical parameter indica 
tive of the force delivered by the elastic element and to 
generate a corresponding transducer Signal. A force control 
ler is connected between the transducer and the valve to 
control the valve, based on the transducer Signal, for corre 
spondingly actuating the hydraulic actuator and deflecting 
the elastic element. 

The hydro-elastic actuator of the invention can be con 
figured Such that the force controller is connected to accept 
an input indicative of a desired actuator output force to be 
delivered to the load. Here the force controller is connected 
between the transducer and the valve to control the valve 
based on the transducer Signal and the input, for correspond 
ingly actuating the hydraulic actuator by an amount that 
delivers to the load the a desired actuator output force. 
The hydro-elastic actuator of the invention provides the 

ability to make a high-fidelity measurement of the output 
force of a hydraulic System without measuring preSSure or 
flow characteristics of the hydraulic system. The feedback 
control loop enables precise hydraulic System force control 
and control stability to a level not previously achievable 
without complicated control Schemes to accommodate 
hydraulic characteristics. The high power and high force 
generation capabilities of the hydraulic actuator are pre 
Served while providing Shock tolerance and low System 
output impedance. 
The hydro-elastic actuator of the invention is well-suited 

for an extremely broad range of applications, and is particu 
larly effective at addressing high-force, high-power density 
applications. Robotics applications and heavy equipment 
operations, Such as robotic fire fighting and earth moving, as 
well as telerobotic and haptic Systems, are particularly 
well-addressed. Further, the important and growing class of 
biomimetic robots, and particularly dynamically-stable 
legged robots, which primarily rely on force control-based 
locomotion algorithms, are enabled by the invention to take 
on mass and Scale not previously attainable. 

In accordance with the invention, the hydraulic actuator 
can be provided as a hydraulic actuation chamber in which 
the mechanical displacement member is disposed with 
respect to the fluid connection. Here the fluid connection 
preferably consists of a fluid inlet and a fluid outlet of the 
chamber. This enables control of displacement of the dis 
placement member by fluid flow into and out of the chamber. 
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The valve can be connected to the fluid inlet and fluid outlet, 
and preferably is provided as a flow control valve. Whatever 
connection is employed between the valve and the fluid inlet 
and outlet, it preferably is dimensionally fixed. The valve 
port can include a connection for receiving fluid pumped by 
a fluidic pump. 

In embodiments of the invention, the valve control Signal 
is based on proportional or proportional-integral control of 
actuator output force. The valve control Signal is in one 
embodiment an electrical current. This electrical control 
current is directed to the valve and is indicative of a 
controlled fluid flow to be produced through the valve. The 
electrical control current can be indicative of a controlled 
bi-state valve operation between a state of Zero fluid flow 
and a state of maximum fluid flow through the valve. The 
force controller can further be connected to produce a fluid 
Source control Signal directed to a fluid Source connected to 
the valve port. Here the fluid Source control Signal can be 
indicative of a controlled pulsed delivery of fluid to the valve 
in Synchrony with the bi-state valve operation. 

In accordance with the invention, the hydraulic actuator, 
when provided as a chamber, can consist of a linear piston 
chamber having a linear piston and a piston push rod 
extending out of the chamber, a rotary piston chamber 
having a rotary vane and a rotary shaft extending out of the 
chamber, or other suitable chamber configuration. When 
employed, a piston can be double- or Single-acting. Prefer 
ably either a Substantially non-leaky Seal is provided at a 
location where the piston push rod or shaft extends out of the 
chamber or alternatively, at least one leaky Seal and at least 
one leakage Scavenger Seal can here be employed. 

In embodiments of the invention, the elastic element can 
be provided as a linear or a nonlinear elastic element. The 
elastic element can be provided specifically as at least one 
Spring disposed in Series with the hydraulic actuator dis 
placement member, or as a plurality of Springs positioned to 
together result in an elasticity provided in Series with the 
hydraulic actuator displacement member. One or more cou 
pling elements can be provided in Series with and between 
the elastic element and the hydraulic actuator displacement 
member, as well as in Series with and between the elastic 
element and the load. 

The transducer can be provided as a potentiometer, a 
Strain gauge, or other Suitable Sensing configuration, e.g., as 
a magnetic position Sensor or an optical position Sensor. In 
one embodiment, the transducer Signal is based on deflection 
of the elastic element. 

The hydro-elastic actuator of the invention can be pro 
duced of lightweight, low-cost, easily manufactured com 
ponents. The elastic element force feedback control of the 
System preserves the high power and high force or torque 
generation of the System while providing precise force 
control and good force control Stability. These characteris 
tics are ideal for robotic and other mechanistic Systems that 
interact with their environment. Other applications, features, 
and advantages of the invention will be apparent from the 
following description and asSociated drawings, and from the 
claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a block diagram of components of a hydro 
elastic actuator in accordance with the invention; 

FIG. 2 Schematically illustrates an example implementa 
tion of the hydro-elastic actuator of FIG. 1 in more detail, 
including a force control configuration provided by the 
invention; 
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4 
FIG. 3 is a detailed view of a particular example imple 

mentation of the hydraulic actuator and elastic element of 
FIG. 2; 

FIG. 4 is a diagram identifying parameters of the hydro 
elastic actuator that are employed in the feedback force 
control loop provided by the invention; 

FIG. 5 is a block diagram of the components of the force 
controller of the invention; 

FIG. 6 is a Schematic diagram of an example implemen 
tation of the force controller of FIG. 5; 

FIG. 7 are plots of the frequency magnitude and phase 
response of an experimental hydro-elastic actuator built in 
accordance with the invention; 

FIG. 8 is a plot of the step response of an experimental 
hydro-elastic actuator built in accordance with the invention; 

FIG. 9 is a plot of frequency magnitude response at 
maximum load of an experimental hydro-elastic actuator 
built in accordance with the invention; and 

FIG. 10 is a plot of drop test impulse response of an 
experimental hydro-elastic actuator built in accordance with 
the invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

FIG. 1 illustrates example components of a hydro-elastic 
force-controlled actuator 10 in accordance with the inven 
tion. The actuator includes a fluid valve 12 Suitably arranged 
to enable connection to a high pressure fluid Source 14. The 
fluid source is provided with a suitable hydraulic fluid that 
is preferably Selected, based on the requirements of a given 
application, as e.g., water or oil, either natural or Synthetic. 
The fluid valve 12 controls flow of the hydraulic fluid to and 
from a hydraulic actuator 16 in which is provided a mechani 
cal actuation member, i.e., a mechanical displacement 
member, for converting hydraulic fluid flow and its corre 
sponding pressure to mechanical position and Velocity. 
An elastic element 18 is linked in Series with an actuation 

member 24 of the actuator 16 and interacts with the actuator 
environment, e.g., a load 20, Such as a physical mass, to be 
manipulated, or e.g., the ground. The physical output of the 
hydro-elastic actuator of the invention is thus shifted from 
the actuation member 24 of the actuator to at least the output 
end of the elastic element 18 or a later element, as described 
below. 

In accordance with the invention, the elastic element is 
positioned to deliver the force of the actuator to the load and 
to enable measurement of a physical parameter indicative of 
the delivered force, eliminating the need for a hydraulic 
preSSure or flow measurement. AS explained in detail below, 
this configuration enables precise force control of the hydro 
elastic element. The hydro-elastic force control is in accor 
dance with the invention effected through control of the 
hydraulic fluid valve of the actuation system. 

FIG. 2 Schematically illustrates an example embodiment 
of the hydro-elastic actuator of the invention. The hydraulic 
actuator is here provided as a hydraulic actuation chamber 
15, consisting of a piston cylinder, including a piston 22 and 
a push rod 24 connected to the piston and extending out of 
the chamber 15. An elastic element 18 is positioned in series 
at the output of the push rod 24 for interaction with, e.g., a 
load 20. The elastic element is positioned to alone Support 
the full force of the load. The force generated by the 
actuation system is thus delivered to the load fully by the 
elastic element. 
AS explained in detail below, direct physical connection 

of the elastic element to the push rod and to the load is not 
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required; one or more intermediate coupling elements can be 
included on either side of the elastic element. If included, 
however, Such intermediate elements preferably maintain a 
condition in which the elastic element Supports the full force 
of the load, and intermediate elements at the output of the 
elastic element are preferably characterized as low friction, 
backdrivable elements. 

A transducer 21 is positioned at a Suitable point in the 
System to Sense Some measurable physical aspect of the 
system that can be correlated to force delivered by the elastic 
element. For many applications, a convenient transducer 
configuration is one in which changes in position or Strain of 
the elastic element are measured. Whatever configuration is 
employed, the Signal produced by the transducer is manipu 
lated to directly or indirectly infer the force delivered by the 
elastic element to the load, thereby enabling a measurement 
of actuator output force, F A4 eastared 

The force measurement, F, is directed to an active 
controller 28 to which can also optionally be directed an 
indication of the desired actuator output force, F, to be 
delivered by the elastic element to the load. The controller 
28, described in detail below, produces a control Signal, 
S., that is directed to the hydraulic valve 14 for 
controlling hydraulic fluid flow and/or pressure into and of 
the piston chamber. This valve control in turn controls 
conversion of fluidic power to mechanical power of the 
hydraulic piston and the resulting position and Velocity of 
the push rod. The push rod movement acts to compress or 
decompress the elastic element, to thereby deliver a desired 
output actuator force through the elastic element to the load. 

With this operation, it is found that the elastic element 
configuration of the invention provides the ability to make a 
high-fidelity measurement of the output force of a hydraulic 
System without measuring preSSure or flow characteristics of 
the hydraulic system. This is achieved in the invention firstly 
by providing the elastic element in Series with the mechani 
cal member of the actuator and positioned to deliver the 
actuator force to a load, that is, positioned generally at a 
point in the System after the mechanical actuation member, 
i.e., after the point of fluid-to-mechanical power conversion. 
This is achieved in the invention Secondly by making a 
physical measurement indicative of delivered force, prefer 
ably at a System location that is also after the point of 
fluid-to-mechanical power conversion. With this 
arrangement, a measurement indicative of force delivered by 
the elastic element enables precise hydraulic System force 
control, not previously achievable without complicated con 
trol Schemes to accommodate hydraulic characteristics. 

Because the force control of the invention does not rely on 
hydraulic System pressure measurement, no particular Sys 
tem features are required to enable Such. As a result, the 
hydro-elastic actuator of the invention can accommodate 
inexpensive, off-the-shelfhydraulic cylinders having robust, 
non-leaky, high-friction Seals and high breakaway force 
mechanical actuating elements. Piston Stiction and coulomb 
friction, as well as Supply preSSure variations and non-linear 
flow characteristics, have Substantially no effect on the force 
control capabilities of the System. The control loop can 
compensate for System noise and imprecise hydraulic oper 
ating parameters because the physical parameter measure 
ment indicative of force need not be made at a point where 
Such can occur. 

In addition, because the Series elasticity of the System 
influences the feedback control of the hydraulic mechanical 
actuation member Velocity, the high-impedance position 
output of the mechanical member is converted to a low 
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6 
impedance force output at the end of the elastic element. 
This low output impedance Significantly decouples the 
actuator dynamics from that of the load. As a result, the 
output force of the System is Substantially independent of 
load motion and breakaway force. The high power and high 
force or torque generation of the hydraulic System is pre 
Served while providing Shock tolerance, precise force 
control, and good force control Stability. 
The invention does not require a particular System geom 

etry or topology to produce active feedback force control; all 
that is required is an elastic element provided in a Series 
connection with the hydraulic actuator's mechanical output, 
preferably disposed at a point after the actuator's output, and 
a configuration, preferably also located at a point after the 
actuators, for making a measurement indicative of the force 
delivered by the elastic element. With this arrangement, the 
elastic element both delivers the actuation force to the load 
and acts as a measurement point for making a direct mea 
Surement indicative of delivered force. The configuration 
shown in FIG. 2 is provided only as a generic example 
highlighting the System components. The characteristics of 
the hydraulic fluid supply 14, valve 12, and chamber 15 are 
preferably Selected based on the force, Speed, and power 
requirements of a given task, as with conventional hydraulic 
actuation Systems. 
The high pressure fluid source 14 can be provided by 

employing a fluid Supply in conjunction with a high preSSure 
pump 26, or by another Suitable configuration, e.g., as a Store 
of high preSSure fluid in an accumulator of a high-pressure 
System. This Scenario can be preferable for Some applica 
tions in that it enables actuator operation even when the 
preSSure Source is not operating. 
The valve 12 of the hydraulic system can be provided as, 

e.g., a Spool valve or Servo valve, preferably having con 
nections to fluid Supply and fluid return lines. No particular 
characteristics of the fluidic Supply lines are required other 
than, for most applications, a preferable condition that little 
or no fluid leakage occurs. The valve preferably accommo 
dates electronic control for modulating the hydraulic liquid 
flow through the valve based on a control signal, e.g., a 
control input current, produced by the feedback controller. 
Although preSSure control rather than fluid flow control can 
be employed, it is preferred that the valve control fluid flow, 
rather than fluid pressure, in the hydraulic chamber. Flow 
control is in general more reliable than preSSure control and 
enables Subtle changes in piston motion that can be required 
for applications of the actuator. Fluid flow control can be 
provided with any convenient configuration, e.g., with a 
Servo Valve, or by employing directional jet control or other 
control of fluid motion. 

In a simplest configuration, the hydraulic fluid Supply is 
provided as a constant preSSure, variable flow Source of fluid 
and the Selected hydraulic valve is continuously modulated 
in an analog manner to control the Velocity of fluid traveling 
into or out of the hydraulic chamber. Although this 
proportional-type fluid control technique is simple and 
Smooth, the technique can be inefficient in Some applications 
because it causes a condition in which a pressure drop exists 
across the valve while fluid is flowing through the valve. 
This condition results in power loss in the form of heat. 

It is recognized in accordance with the invention that the 
efficiency of the fluid delivery system can be increased by 
discretely switching the valve between fully-on and fully-off 
States rather than continuously modulating the hydraulic 
Valve State in an analog manner between the fully-on and 
fully-off positions. Discrete valve switching between on-off 
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States increases valve efficiency because it requires that 
either no fluid flow occurs, when the valve is closed, or that 
little pressure drop exists, when the valve is open. Only 
during the valve Switching action can fluid flow and pressure 
drop exist Simultaneously. Because this condition occurs 
during only a Small fraction of operation, the power loSS of 
the valve can be Significantly reduced. 
To further reduce hydraulic power loss, the hydraulic fluid 

Source can also be pulsed, either in preSSure or in flow, in 
coordination with the valve Switching between binary States. 
For example, the fluid pressure or fluid flow can be peri 
odically dropped to Zero, during which time the hydraulic 
valve is Switched between states. This coordination of 
hydraulic fluid Source pulsing with hydraulic valve Switch 
ing results in very little power loss. Periodic oscillation of 
the hydraulic fluid pressure and/or flow can be implemented 
With, e.g., an oscillatory pump. 

Binary valve control and a pulsed fluid Supply control 
both result in jerky, discretely-Stepped hydraulic piston 
movement. In a conventional hydraulic System, this discrete 
piston movement would couple directly to the actuator load, 
resulting in Shock and vibration. But the Series elastic 
element of the hydro-elastic actuation System decouples the 
motion of the piston from the motion of the load, whereby 
discrete movement of the piston produces discrete Steps in 
load force but not in load motion. In addition, if the preSSure 
or flow of the fluid Supply is pulsed, then the rise and fall 
time of the pressure or flow change can be limited So as to 
correspondingly limit the Velocity of the piston and thus 
limit the rate of change of the load force. In one example 
technique for accomplishing this limit in rise time, mechani 
cal or acoustic resonant chambers are employed to produce 
and reinforce a sinusoidal modulation of the fluid pressure or 
flow. Mechanical pump mechanisms, Such as a crankshaft, 
can also Supply this pressure or flow modulation. 

The elasticity of the hydro-elastic actuator is thus found to 
filter out the fluid pressure noise produced by Stepped piston 
movement from binary valve and/or pulsed fluid source 
control. As a result, discrete valve Switching can be 
employed to increase System efficiency while preserving 
Smooth actuator output motion. In addition, binary valves 
reduce the complexity and cost of the System below that of 
analog valves, and binary valves generally are characterized 
by an operating bandwidth that is larger than that of analog 
Valves. It is therefore understood that for many applications, 
binary rather than analog Valves, optionally and preferably 
synchronized with pulsed flow or pressure control of the 
hydraulic fluid Source, can be utilized. It is to be recognized, 
however, that there may be a tradeoff in actuator force 
precision for gains in efficiency. Control of a high frequency 
of valve operation and precise binary valve flow increments 
are required to enable high precision along with high effi 
ciency. 

The hydraulic actuator can be provided in any convenient 
configuration that converts fluid flow and its corresponding 
preSSure to mechanical motion. For many applications, an 
actuator chamber, provided, as, e.g., a piston cylinder design 
like that shown in FIG. 2 is most convenient. The piston 22 
defines two substantially isolated chamber volumes 17, 19. 
A Single acting piston, like that shown, two Single acting 
pistons operated in Synchrony, or a double acting piston 
configuration can be employed. It is recognized that a single 
acting piston design results in unequal Volumes 17, 19 and 
unequal areas on each side of the face of the piston, given 
that one face is attached to the push rod. This condition 
impacts the transmission ratio in conversion of hydraulic 
preSSure and flow to mechanical force and Velocity and in 
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8 
turn alters the gain of the force feedback control loop of the 
System. It is found, however, that the gain margin of the 
force feedback control loop can be made Sufficiently high to 
provide a Stability margin for changes in loop gain. AS a 
result, a Single acting piston is acceptable for most applica 
tions. 

In accordance with the invention, a rotary Vane hydraulic 
cylinder having an output Shaft, as well as linear piston 
arrangements having output push rods, can be employed. 
Indeed, the invention does not specifically require the use of 
a piston; other mechanical arrangements can be employed 
for converting fluidic power to mechanical motion. It is not 
required that the actuator include two isolated chamber 
volumes or that the actuator enable by fluid flow both 
forward and backward movement of the actuator's mechani 
cal displacement member. A Single chamber Volume can be 
employed, and, e.g., a mechanical member can be provided 
for moving the displacement member in one direction. 
Given that a hydraulic chamber configuration is 

employed, the chamber preferably is formed of a material 
and a geometry providing Strength Sufficient to Support the 
fluidic pressure developed internal to the chamber. The 
dimensions of the chamber and the mechanical actuating 
member of the chamber are preferably set by the force and 
Speed requirements of the application and particularly by the 
characteristics of the expected load. The fluidic connection 
between the valve and the hydraulic chamber is preferably 
provided as one or more dimensionally-fixed tubes or pipes 
of a strength Sufficient to maintain the pressure of the fluid 
flowing through them. Structural compliance in a fluid 
delivery line between the valve and the hydraulic chamber 
is preferably to be avoided. 
AS explained above, the hydro-elastic actuator of the 

invention does not rely on measurement of preSSure or flow 
of hydraulic fluid through the System. As a result, no 
particular arrangement of fluidic Seals to the hydraulic 
chamber is required. Tight, high-friction Seals can be 
employed without limiting the ability of the system to 
precisely control output force. It can be preferred for many 
applications that the Seals be Substantially non-leaky. A 
Series of loose-fitting Seals, including, e.g., one or more 
leaky Seals 27 and one or more Scavenger Seals can be 
employed, as shown in FIG. 2, but are not required by the 
invention. Friction-fit, and other Such Seals can also be 
employed when Suitable for a given application. It is pref 
erable for most applications for any Selected Seal and fluid 
delivery configuration that fluidic leaks from the System be 
eliminated or at least minimized. 

This condition can be particularly advantageous when 
exploiting a lock mode condition enabled by the hydro 
elastic actuator. Such a lock mode can be set up by closing 
off all fluidic connections to the hydraulic actuator, e.g., by 
closing the fluid inlet and outlet ports to a hydraulic cham 
ber. With this condition, no changes in actuator displacement 
member position occur. As a result, a constant output force 
can be maintained without any hydraulic actuator power 
generation or expenditure. Correspondingly, a force applied 
to the elastic element by a load will be absorbed by the 
elastic element, without generating power at the hydraulic 
actuator; the elastic element returns the force to the load 
without power expenditure by the actuator. Thus, to main 
tain a robust lock mode, hydraulic actuator leakage is 
preferably minimized. 
The Series elastic element can be provided as any Suitable 

element or combination of elements that together are char 
acterized by Some degree of elasticity. For many 
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applications, it can be preferred that the elastic element be 
characterized by Significant elasticity. A high degree of 
elasticity enables high force Sensitivity by a large Signal-to 
distance of motion ratio, enables a large Signal-to-noise 
ratio, and provides a high degree of Shock tolerance. These 
advantages are Specifically achieved when the elastic 
element's degree of elasticity, i.e., the elastic element's 
compliance, dominates that of the actuator System. In other 
words, the stiffness of the elastic element should not domi 
nate the System. 

Linear or non-linear elastic elements can be employed in 
accordance with the invention. For many applications, it can 
be preferred that the elastic element be characterized by high 
energy density, high Specific energy, low hysteresis, i.e., low 
energy loSS per compression cycle, low Viscosity, low cost, 
long lifetime, and practical manufacturability. It is also 
generally preferred that the elastic element be of a geometry 
that is easily disposed in an appropriate configuration, 
preferably connected in Series at a point in the System after 
the hydraulic cylinder piston rod or other hydraulic 
mechanical actuator, and the actuator load. The elastic 
element can be realized as two or more elements, in any 
arrangement, that cooperate to provide a desired elastic 
characteristic. 

Springs formed of, e.g., Steel, aluminum, delrin, nylon, or 
other material can be employed. In addition, where 
appropriate, an air Spring can be employed. For Some 
applications, it can be advantageous to utilize a hardening 
Spring, provided as, e.g., a non-linear elastic material Such as 
a rubber, or a mechanical mechanism, Such as a toggle, that 
mechanically converts a linear elastic element into a hard 
ening elastic element. 

Because the output force of the hydro-elastic actuator is 
delivered to the load by deflection of the elastic element, the 
Spring constant of the elastic element is preferably Selected 
based specifically on the operating and load requirements of 
a given application. In general, the Spring constant Selection 
requires a tradeoff between large actuation bandwidth, cor 
responding to a high Spring constant, and actuator output 
impedance, corresponding to a low Spring constant. For 
many applications, overriding both of these tradeoffs is a 
preference for a degree of Spring compliance that dominates 
the compliance of the actuator System. 

It is found that in practical terms, optimal Selection of a 
Spring constant for a given application can require proto 
typing and design iterations. In one example design Scenario 
in accordance with the invention, first a hydraulic Servo 
Valve, piston chamber and push rod design, and Supply 
preSSure are Selected based on the force, Speed, and power 
requirements of a given application. The characteristics of 
the servo valve then set the maximum bandwidth of the 
actuator. The minimum acceptable break point in the large 
force bandwidth characteristic of the actuator is then Speci 
fied. Because the characteristics of the Servo valve, the 
piston area, and the Spring constant define the break point 
value, the break point value in turn defines a lower bound on 
the Spring constant. 

The minimum tolerable impedance level that can be 
accommodated by the application task is then Specified, 
defining an upper bound on the Spring constant. Finally, the 
Spring constant is Selected as a value between the two 
defined bounds. In practice, it can be required to iterate and 
fine tune the Spring constant Selection to achieve a desired 
System transfer function for a given application. The force 
feedback control System expressions, described in detail 
below, can be employed to evaluate the Suitability of a 
Selected Spring constant. 
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10 
Turning now to techniques for Sensing the output force 

delivered by the elastic element, as explained above a 
physical measurement indicative of delivered force is made 
of the actuator System, preferably at a point after the 
hydraulic fluid-to-mechanical conversion location. This 
enables a measurement that is not impacted by the imprecise 
nature of the hydraulic System characteristics. Because the 
elastic element delivers the actuator force by a mechanical 
action, namely, compression or decompression, the elastic 
element itself can be employed for making a physical 
measurement indicative of the delivered force. If a linear 
elastic element is employed, the linearity enables a force 
measurement based on elastic element Stretch or angle of 
twist. The stretch (or compression) or angle of twist of the 
elastic element can be measured directly to determine the 
output force producing Such stretch or twist. This measure 
ment technique can be particularly advantageous in that it 
requires only one Sensor, and therefore requires little 
calibration, while at the same time providing high accuracy 
through high resolution, enabled in the manner described 
above by Significant compliance of the elastic element. 

Direct elastic element Stretch, compression, or twist can 
be measured by any Suitable configuration, including a 
linear or rotary potentiometer, or one or more Strain gauges. 
The selection of a transducer is preferably based on the 
geometry and configuration of a given actuator arrangement. 
For example, it can be found that a potentiometer configu 
ration is convenient and preferable for linear-motion 
actuators, while a Strain gauge configuration can be pre 
ferred for rotary-motion actuators, in which the Spring is 
often provided as in a torsional configuration. Of course, the 
particular geometry of a Selected elastic element can lend 
itself to a particular Sensing and transducer configuration 
most Suitable for a given application. 
The invention is not limited to use of a potentiometer or 

a Strain gauge for determining elastic element output force. 
A hall-effect Sensor, optical Sensor, encoder, magneto 
resistive Sensor, or other type of position transducer can be 
employed. For example, a position Sensor can be located at 
each end of the elastic element for measuring distance to 
determine changes in length of the element. For Some 
applications, it can be convenient and preferred to connect 
position sensors to each end of the element. Whatever 
transducer configuration is employed, it preferably enables 
positioning of the transducer on the elastic element itself or 
on a fixture that is integrated or easily interfaced with the 
hydro-elastic actuator assembly. 

Referring to FIG. 3, there is schematically represented an 
example arrangement of the hydro-elastic actuator elements 
described above. A hydraulic piston chamber 15 is provided, 
having fluidic connections 25a, 25b to a fluidic valve like 
that shown in FIG. 2. At the output of the piston chamber 
extends a piston push rod 24. The piston push rod is in turn 
connected at its end to a push rod extension 30. 
The Series elastic element is in this configuration provided 

as combination of discrete Springs, namely, two forward 
springs 32a, 32b, located forward of the extension 30 and 
two rearward Springs 34a, 34b, located rear of the extension 
30. All four Springs can be embodied as, e.g., die compres 
Sion Springs. The Springs are guided by guiding rods 36a, 
36b, over which the Springs are provided. The guiding rods 
do not provide load bearing Support for the Springs or the 
actuator load; as explained above, the load is Supported 
entirely by the elastic element, here consisting of the four 
Springs. The guiding rods are provided only for maintenance 
of the Spring alignment as the Springs Stretch and compress, 
and Such is not in general required by the invention. 
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The push rod extension 30 includes through holes 38a, 
38b, through which the guiding rods 36a, 36b, respectively, 
are fed, enabling the extension 30 and the guiding rods to 
slide with respect to each other. A forward clamp 40 and a 
rear clamp 42 are provided, mechanically fixed to the 
guiding rods 36a, 36b. The rear clamp 42 includes a through 
hole 44 through which the push rod 24 can slide with respect 
to the rear clamp. As a result of this mechanical 
configuration, the guiding rods and the forward and rear 
clamps move together as a Single unit Separate from the push 
rod 24 and its extension 30. 

In assembly of the System, the four Springs are each 
compressed over the guiding rods against the extension 30 
and then the forward and rear clamps are fixed in place on 
the guiding rods to maintain the Springs State of compres 
Sion. The guiding rods extend past the forward clamp 40 to 
fixedly connect to an actuator load 46, whereby the load, like 
the forward and rear clamps, moves together with the 
guiding rods Separate from the push rod and its extension. 
This particular example includes a moveable load mass and 
connects that mass to the output of the actuator, but it is to 
be recognized that a constrained load could also be accom 
modated by this configuration. For applications where the 
load is, e.g., ground, no connection arrangement forward of 
the forward clamp 40 is required. 

In operation, when the piston push rod 24 is pushed out 
of the cylinder 15 by hydraulic flow and its corresponding 
preSSure, moving the rod to the left in the figure, the 
extension 30 also moves to the left, sliding over the guiding 
rods 36a,36b, reflecting the force generated by the hydraulic 
System. In turn, the forward SpringS32a, 32b are compressed 
against the forward clamp 40 by the extension 30. This 
Spring compression acts to deliver the actuator force to the 
load, causing the actuator load 40, by way of its fixed 
connection to the forward clamp through the guiding rods, 
to itself be pushed forward, given its unconstrained condi 
tion. When the push rod 24 is pulled back into the hydraulic 
cylinder 15, moving the rod to the right in the figure, the 
extension is correspondingly pulled to the right over the 
guiding rods, compressing the rear Springs 34a, 34b, and 
stretching the forward springs 32a, 32b. With this spring 
condition, the actuator load 40 is pushed rearward by its 
connection to the clamps through the guiding rods. 

This actuator operation demonstrates that the Springs 
convert the motion of the piston push rod to an output force 
applied by the Springs against the forward and rear clamps, 
which in turn apply the force to the actuator load through the 
guiding rods. Thus, although Several intermediate coupling 
elements, Such as guiding rods and clamps, are included, the 
configuration provides a Series connection of elasticity 
between the hydraulic chamber output and the actuator load, 
with the Springs delivering the actuator force to the load. The 
motion of the piston push rod is in Series with the output of 
the Springs. The Springs deliver the actuator force to the load 
and fully Support the load. Given that the Springs are linear, 
the actuator maintains a linear, measurable Stiffness and 
deflection. 

Alinear potentiometer 50, shown only Schematically, is in 
this example connected to the forward and rear clamp 
configuration to precisely measure deflection of the Springs 
for enabling force control of the hydraulic System. In one 
example arrangement, the potentiometer is fastened to the 
forward and rear clamps, with a linear wiper 52 fixed to the 
push rod extension 30. As the extension moves relative to 
the forward and rear clamps, due to Spring compression or 
Stretch, the wiper 52 adjusts the potentiometer Voltage to 
produce a transducer output Voltage corresponding to the 
wiper position. 
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With Such a potentiometer Voltage, or other Signal indica 

tive of a physical attribute of the elastic element, or other 
element of the actuator, that can be related to delivered force, 
the force control loop of the actuator controls the hydraulic 
chamber valve to in turn control the delivery of force 
through the elastic element. The diagram of FIG. 4 defines 
the System parameters on which the force feedback control 
is based. In the example shown in the figure, a control Signal 
provided as an electrical control current, i, is directed to the 
hydraulic valve 12 to control the flow rate, Q, of fluid into 
the hydraulic chamber 16. The valve is assumed in this 
analysis to be a first order linear system. The valve is 
characterized by a valve gain factor, K, relating the elec 
trical control current Signal to the valve flow rate, Q. 

Within the hydraulic actuator, e.g., a chamber, an actuat 
ing member, here a piston, is characterized by an area, A. In 
this analysis, the difference in area between the two piston 
faces is ignored, an assumption found to be acceptable for 
most applications. Displacement of the piston push rod 24 is 
characterized by a position, X, that results from fluid flow 
into and out of the hydraulic chamber. The elastic element 
18, linked in Series with the piston push rod, is characterized 
by a Spring constant, k, for delivering to the load a force, F. 
For a condition in which the load is unconstrained, displace 
ment of the load in turn can be characterized by its position, 
X. 
ASSuming no power Saturation in the actuator, the fluid 

flow, Q, from the valve into and out of the hydraulic 
chamber can be related as a direct function of the control 
current, i, as: 

(1) K i(s) i(S), tys + 1 

where t, is the first order time constant of the valve and s is 
the Laplace variable. 
The position of the piston push rod is directly proportional 

to the flow rate, Q, as: 

Q(s) . Ky (2) X, (S) = ... - p(S) AS AS(ty S + 1) 

where A is the area of the piston. 
The deflection of the elastic element by the piston push 

rod determines the load force, F, therefore, the load force is 
directly related to the push rod and load positions as: 

The correspondence between the push rod position, X, 
and the valve flow rate, Q, from expression (2) above, can 
then be substituted to produce a relation between load force 
and Valve gain, K, as: 

K 4 its) - X(s) (4) Fi(S) = klas + 1) 

With this relationship between output force and valve gain 
defining a closed loop, output force can be controlled by a 
feedback control law directed to the valve. 

In one example Scenario in accordance with the invention, 
a proportional-integral (PI) control law is employed. While 
a simple proportional control law is found to be Satisfactory 
for many applications, a proportional-integral control law 
can be preferable in that it automatically compensates for 
non-linearities, Such as non-Zero offset, in the valve opera 
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tion that are not accounted for in the linear analysis. API 
control law also can be beneficial in producing a Second 
order actuation System in which the actuator impedance is 
characterized as an equivalent mass at low frequencies. 
API control law is characterized by a control gain, K, and 

an integral gain, K, which are each taken to be of appro 
priate units for relating desired output force, F, and load 
force, F, to electrical control current, i, Sent to the valve to 
control fluid flow. The control law is also characterized by 
a proportional gain, K, for this application, the proportional 
gain is set to unity. The PI control law imposed on the valve 
control current, i, is then given as: 

K 5 i(s) = K(1+ f) F(s) - F(s)) (5) 

The closed-loop control is then defined by imposing the 
control law given just above in expression (5) on the 
relationship between load force and valve gain, given in 
expression (4), resulting in a closed-loop control expression 
for the load force, F, delivered by the elastic element, as a 
function of desired force, F, and the load position, X: 

s(tys + 1)X(s) (6) 
F(s) = - 1 KKK 

S 
2(t.S + 1) + -- + 1 KKK (fist 1) + k, 

FIG. 5 is a block diagram of a control loop implementing 
a control law Such as this for the hydro-elastic actuator of the 
invention. A signal produced by the transducer 21 indicative 
of the delivered force, F developed by the elastic 
element 18 is input to a signal buffer 50 and on to an 
analog-to-digital converter/digital-to-analog converter 
(ADC/DAC) 52. The digitized transducer signal is then 
processed by a digital controller 54 in which is implemented 
the control law given above, based on an input of an 
indication of the desired actuator output force, F. 
Based on the control law, the digital controller produces a 
Valve control Signal required to produce a hydraulic fluid 
flow, Q, for the desired actuator output force. This signal is 
returned to the ADC/DAC 52 and the signal buffer 50 and 
delivered to the valve 12 as a control current, i, for produc 
ing the specified fluid flow, Q. 

FIG. 6 is a Schematic diagram of an example implemen 
tation of the closed-loop force control. In this example, the 
transducer 21 is implemented as a potentiometer that pro 
duces a Voltage, Vss, ranging in Value between two 
boundary values, V+ and V-, indicative of the elastic 
element deflection. This Sensor Voltage Signal is buffered, 
digitized, and filtered before it is Summed with an input 
Voltage Value, Vs, provided as input to the actuator to 
indicate a desired actuator output force. The Sum of the two 
Voltage values is directed to proportional-integral control 
logic, and the resulting Signal is Summed with a dither 
Signal, to eliminate Steady State System hunting, in the 
manner described below. This signal is then converted back 
to the analog domain, buffered, and delivered to the valve 12 
as an electrical current indicative of the fluid flow rate, Q, 
required of the valve to produce the desired output force. 
The controller can be implemented in customized hardware, 
in a computer, or other Suitable arrangement. For many 
applications, it can be preferred to provide the digital control 
with a computer implementation, including a keyboard and 
display, to enable real-time control and display of the 
actuator operational parameters and force control behavior. 
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14 
The invention does not require that an indication of a 

desired output force, F, be explicitly input to the force 
feedback controller. For Some applications, it can be pre 
ferred that the desired output force be a constant or Sub 
Stantially constant value that is implemented as, e.g., an 
inherent characteristic of the controller or other element of 
the hydro-elastic actuator System itself. In Such a case, no 
explicit input is required. In addition, it is contemplated that 
the desired output force can be a changing function, option 
ally based on changes in the environment, computed inter 
nally by the controller or externally and input to the 
controller, and can be specified as a range of values rather 
than a single value. 

EXAMPLE 

The hydro-elastic actuator configuration of FIG. 2 was 
implemented with a Series elastic element arrangement like 
that of FIG. 3. A Standard Series 30 Servovalve, from Moog, 
Inc., East Aurora, New York, was employed, connected to a 
supply of MIL-H-5606 oil at a pressure of 20 MPa and a 
return line. The supply pressure was generated by a PVB10 
FRSY31 pump from Sperry-Vickers Inc., of Eden Prairie, 
Minn. A 12.5 mm-diameter steel hydraulic cylinder, model 
AA1/24-1-1-4M-1-H from Custom Actuator Products, 
Minneapolis, Minn., was employed. This cylinder includes 
a single acting piston having a stroke of 10 cm. The areas of 
the two sides of the piston are not identical; the piston area 
on the side including the push rod is 0.97 cm, while the 
opposite piston area is 1.29 cm. This difference in piston 
area was found to be Small enough to enable a linear control 
of the system. Connections between the fluid source and the 
valve and between the valve and the piston chamber were 
with 451TC-4 steel-reinforced rubber hoses with carbon 
steel hose end connectors, from Parker Fluid Connectors, 
Hose Products Division, Wickliffe, Ohio. Although the hose 
between the valve and the hydraulic chamber was not 
dimensionally fixed, in theory Such is preferred. 
The Series elastic element was provided in the manner 

shown in FIG. 3, as four chrome alloy die compression 
Springs, model No. D-1222-A, from Century Spring Corp., 
Los Angeles, Calif. Each of the Springs was characterized by 
a free length of 3.2 cm and a Spring constant of 286 kN/m. 
In the manner explained above, the Springs were fed over 
guiding rods, here provided as carbon fiber reinforced poly 
mer tubes having an outside diameter of 9.5 mm. This 
diameter is less than that of the Spring coils, 9.6 mm, 
whereby the Springs were free to Stretch and compress over 
the tubes and were not mechanically Supported by the tubes. 
The piston push rod extension, forward and rear clamp 

elements, and loadblock were machined of 2024 aluminum 
alloy, with a width of 5.7 cm, a height of between 1.9 cm and 
2.5 cm, and a thickness of 9.5 mm. The push rod extension 
was connected to the push rod end by way of a Screw. The 
clamps were mechanically clamped in place on the polymer 
tubes. The tubes were clamped to the block acting as the 
actuator load. 

Deflection of the Springs was measured using a linear 
potentiometer, model PTN025 from Novotechnik, 
Southborough, Mass. An electrical wiper, model S170, also 
from Novotechnik, was affixed to the push rod extension in 
alignment with the potentiometer for producing a Voltage 
Signal indicative of Spring deflection. The proportional 
integral controller described above was employed to control 
the force delivered to the load by the Springs by producing 
an electrical control current directed to the servo valve. The 
ADC/DAC was implemented as a DS1102 Controller Board 
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from dSPACE Gmbh, Paderborn, Germany. The digital 
proportional-integral control was implemented in a com 
puter using Control Desk, also from dSPACE Gmbh. This 
implementation was found to be particularly efficient in that 
it enabled rapid control loop prototyping by way of a 
MATLAB/Simulink interface, and provided a virtual control 
panel on the computer Screen for monitoring and controlling 
the actuator performance and operation. 

FIG. 7 is a plot of the measured operating bandwidth of 
the experimental closed-loop force-controlled hydro-elastic 
actuator, for a proportional integral control law implemented 
with K, the controller gain, set at a value of 3 and K, the 
integral gain, Set at 50. The closed loop response was 
measured with the load mechanically fixed. AS shown in the 
plots, the experimental hydro-elastic actuator demonstrated 
good low frequency response. The response of the System 
was found not to degrade until about 35-40 Hz. This 
frequency is far above the operating frequency typically 
required for biomimetic robots, a class of robots particularly 
well-addressed by the actuator of the invention. 

FIG. 8 is a plot of an input step stimulus and the measured 
Step response of the experimental actuator. The rise time of 
the actuator Step response was about 10 msec and the Settling 
time of the Step response was relatively quick, about 50 
mSec, with minimal overshoot. It was found that due to a 
Small degree of Stiction at the piston-cylinder interface as 
well as in the Servo valve, the controller tended to increase 
the control current to the servo valve until the Stiction was 
overcome, at which point the control current level was 
reduced. This resulted in Wandering, or hunting, of the 
System for the directed force in Steady State. To overcome 
this condition, dither was added to the servo valve at 1% of 
the rated valve current, oscillating at 100 Hz, as shown in the 
Schematic diagram of FIG. 6. It was recognized that Such 
dither would increase fluid leakage through the valve, 
decreasing valve efficiency. However, it was found that the 
dither eliminated the Steady State hunting condition, thereby 
improving the closed-loop Steady State performance of the 
actuator. It is therefore understood that for many 
applications, it can be preferred to incorporate dither in the 
Valve operation. 

To determine the effects of force Saturation on the experi 
mental actuator, the System was commanded to oscillate at 
its maximum force level, for a range in frequencies between 
2 Hz and 100 Hz. FIG. 9 is a plot of the measured actuator 
response to this stimulus, normalized to the Supply pressure, 
P, and the piston area, A. Force Saturation is here defined as 
a condition occurring at a Saturation operating frequency 
above which the actuator cannot deliver maximum force 
output at the actuator operating frequency. Force Saturation 
can be an important characteristic of the actuator of the 
invention for configurations in which a significantly elastic 
element is included; here the actuator can be frequently 
operating near to a Saturation level in order to physically 
move the distance required to compress the Spring to its 
maximum force configuration. AS shown in the plot of FIG. 
9, the Saturation frequency of the experimental actuator was 
found to be about 25 Hz, falling above this frequency at -40 
dB/dec. The output force capability at an operating fre 
quency of 10 HZ, a common actuation frequency, is found to 
be good. 

In handling the experimental actuator, it was found that 
the output was easily backdrivable with finger force. The 
minimum resolvable DC force was measured to be about 4.4 
newtons, indicating the degree of Spring deflection corre 
sponding to the noise floor of the potentiometer. 

It was found that the physical elasticity of the actuator 
invested the actuator with a significant shock load tolerance. 
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Specifically, the Springs of the System were found to main 
tain mechanical Stability during a physical impact and 
Spread out the impulse of the impact over time. This is in 
important advantage for minimizing the peak power of a 
mechanical impact. To test the Shock tolerance of the experi 
mental actuator, the actuator was vertically Suspended, Such 
that the load mass was Suspended at the top of the actuator 
push rod Stroke with a force equal to the gravity pull on the 
load mass. The input desired force was then Set to Zero Such 
that the push rod dropped to the bottom of its Stroke, exerting 
a sharp impulse load on the actuator. FIG. 10 is a plot of the 
actuator response to this impulse load. AS shown in the plot, 
the impulse is spread out over about 40 mSec. The impulse 
is defined as the area under the curve, found to be about 12 
kg m/s. This spreading of the impulse over time is particu 
larly advantageous in that it provides time for the control 
System to react to the impulse and adjust the force generated 
by the actuator, thereby minimizing the damage to the 
actuator and/or the load due to high peak impact forces, in 
a manner not fully achievable without the elastic element. 
AS evidenced by the various performance measures 

described above, the hydro-elastic actuator of the invention 
provides the ability to make a high-fidelity measurement of 
the output force of a hydraulic System without measuring 
preSSure or flow characteristics of the hydraulic System. The 
feedback control loop enables precise hydraulic System 
force control to a level not previously achievable without 
complicated control Schemes to accommodate hydraulic 
characteristics. The high power and high force generation 
capabilities of the hydraulic actuator are preserved while 
providing shock tolerance, precise force control, and good 
force control Stability. It is recognized, of course, that those 
skilled in the art may make various modifications and 
additions to the hydro-elastic actuator described above with 
out departing from the Spirit and Scope of the present 
contribution to the art. Accordingly, it is to be understood 
that the protection sought to be afforded hereby should be 
deemed to extend to the Subject matter of the claims and all 
equivalents thereof fairly within the Scope of the invention. 
We claim: 
1. A force-controlled hydro-elastic actuator comprising: 
a hydraulic actuator having a connection to hydraulic fluid 

and including a mechanical displacement member posi 
tioned to be mechanically displaced by fluid flow at the 
actuatOr, 

a valve connected at the hydraulic actuator connection 
and having a port for input and output of fluid to and 
from the valve; 

at least one elastic element provided in Series with the 
mechanical displacement member of the hydraulic 
actuator and positioned to deliver, to a load, force 
generated by the hydraulic actuator; 

a transducer positioned to measure a physical parameter 
indicative of the force delivered by the elastic element 
and to generate a corresponding transducer Signal; and 

a force controller connected to accept an input indicative 
of a desired actuator output force to be delivered to the 
load, the force controller being further connected 
between the transducer and the valve to control the 
Valve based on the transducer Signal and the input, for 
correspondingly actuating the hydraulic actuator, by an 
amount that delivers to the load the desired actuator 
output force, and deflecting the elastic element. 

2. The hydro-elastic actuator of claim 1 wherein the 
transducer Signal is based on deflection of the elastic ele 
ment. 
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3. The hydro-elastic actuator of claim 1 wherein the 
hydraulic actuator comprises a hydraulic actuation chamber 
in which the mechanical displacement member is disposed 
with respect to the fluid connection, comprising a fluid inlet 
and a fluid outlet of the chamber for control of displacement 
of the displacement member by fluid flow into and out of the 
chamber. 

4. The hydro-elastic actuator of claim 3 wherein the valve 
is connected to the fluid inlet and fluid outlet of the actuator 
chamber. 

5. The hydro-elastic actuator of claim 4 wherein the valve 
comprises a flow control valve. 

6. The hydro-elastic actuator of claim 5 wherein the force 
controller produces a valve control Signal comprising an 
electrical current, directed to the valve, indicative of a 
controlled fluid flow to be produced through the valve. 

7. The hydro-elastic actuator of claim 6 wherein the valve 
control Signal comprises an electrical current indicative of a 
controlled bi-State valve operation between a State of Zero 
fluid flow and a state of maximum fluid flow. 

8. The hydro-elastic actuator of claim 7 wherein the force 
controller further produces a fluid Source control Signal 
directed to a fluid Source connected to the valve port, the 
fluid Source control signal indicating a controlled pulsed 
delivery of fluid to the valve in synchrony with the con 
trolled bi-state valve operation. 

9. The hydro-elastic actuator of claim 6 wherein the valve 
control Signal is based on proportional control of actuator 
output force. 

10. The hydro-elastic actuator of claim 6 wherein the 
Valve control Signal is based on proportional-integral control 
of actuator output force. 

11. The hydro-elastic actuator of claim 4 wherein the 
connection between the valve and the actuator chamber fluid 
inlet and fluid outlet is dimensionally fixed. 

12. The hydro-elastic actuator of claim 3 wherein the 
hydraulic actuation chamber comprises a linear piston cham 
ber and wherein the displacement member of the chamber 
comprises a linear piston and a piston push rod extending out 
of the chamber. 

13. The hydro-elastic actuator of claim 12 wherein the 
piston comprises a double-acting piston. 

14. The hydro-elastic actuator of claim 12 wherein the 
hydraulic actuation chamber comprises a Substantially non 
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leaky Seal at a location where the piston push rod extends out 
of the chamber. 

15. The hydro-elastic actuator of claim 12 wherein the 
hydraulic actuation chamber comprises at least one leaky 
Seal and at least one leakage Scavenger Seal at a location 
where the piston push rod extends out of the chamber. 

16. The hydro-elastic actuator of claim 12 wherein the 
piston comprises a Single-acting piston. 

17. The hydro-elastic actuator of claim 3 wherein the 
hydraulic actuation chamber comprises a rotary piston 
chamber and wherein the displacement member of the 
chamber comprises a rotary Vane and a rotary shaft extend 
ing out of the chamber. 

18. The hydro-elastic actuator of claim 1 wherein the 
elastic element comprises a nonlinear elastic element. 

19. The hydro-elastic actuator of claim 1 wherein the 
elastic element comprises at least one Spring disposed in 
Series with the hydraulic actuator displacement member. 

20. The hydro-elastic actuator of claim 1 wherein the 
elastic element comprises a plurality of Springs positioned to 
together result in an elasticity provided in Series with the 
hydraulic actuator displacement member. 

21. The hydro-elastic actuator of claim 1 further compris 
ing at least one coupling element provided in Series with and 
between the elastic element and the hydraulic actuator 
displacement member. 

22. The hydro-elastic actuator of claim 1 further compris 
ing an output element provided in Series with and between 
the elastic element and the load. 

23. The hydro-elastic actuator of claim 1 wherein 
transducer comprises a potentiometer. 

24. The hydro-elastic actuator of claim 1 wherein 
transducer comprises a Strain gauge. 

25. The hydro-elastic actuator of claim 1 wherein 
transducer comprises a magnetic position Sensor. 

26. The hydro-elastic actuator of claim 1 wherein 
transducer comprises an optical position Sensor. 

27. The hydro-elastic actuator of claim 1 wherein the 
Valve port includes a connection for receiving fluid pumped 
by a fluidic pump. 

28. The hydro-elastic actuator of claim 1 wherein the 
elastic element comprises a linear elastic element. 
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